Abstract: This study aims to explore whether and to what extent two types of polycentricity, morphological and functional, affect the level of urban economic performance. In the analysis, it is found that morphological polycentricity is positively associated with the level of labor productivity whereas functional polycentricity is negatively related to it. In the context of the Korean urban system, characterized by the domination of a few cities and high levels of population density, regions which are more morphologically polycentric and functionally monocentric are likely to have higher labor productivity. These results reflect the processes of agglomeration economies and their impact on urban dynamics. This study contributes to the debates on the impacts of polycentricity on economic performance by examining this relationship in the East Asian context, not in Europe or America, and by distinguishing between effects of two types of polycentricity.
Introduction
In the recent years, the concept of the polycentric urban region has been widely used as a tool for enhancing urban competitiveness and reducing regional disparities across the world [1] [2] [3] . In particular, policy makers and urban planners in Europe have sought to promote the polycentric urban spatial structure as an urban policy agenda in the European Spatial Development Perspective [4] . Nowadays, this concept has attracted attention from East Asian countries, especially China, where several new town projects are being planned as the world-class 'polycentric regions' [5] [6] [7] .
However, less is known about the relationship between the polycentric urban form and urban economic performance. This topic is still inconclusive and controversial. Meijers and Burger (2010) [8] focused on the polycentricity and dispersion of US metropolitan statistical areas and showed that the level of polycentricity was positively associated with the level of economic performance, while the concentration-dispersion index was insignificant. In the case of Italian cities, Veneri and Burgalssi (2012) [9] claimed that in Nomenclature of Territorial Units for Statistics (NUTS)-2 level regions, there were no stable correlations between polycentricity and key economic variables, even if functional polycentricity poorly affected the level and growth of labor productivity. Thus, as Parr (2004) [10] argued, a polycentric urban region cannot be treated "as an established concept, but rather as a hypothesis in need of testing". Such an argument demonstrates the need for comparative studies on the relationship between polycentricity and economy in diverse contexts.
This study examines the relationship between a polycentric urban region and its economic performance in the context of the Korean urban system. In Korea, the national urban system is characterized by the dominance of a few larger cities, among which Seoul and its metropolitan area (including Incheon and Gyeonggi province) have half of the total population. Therefore, it is worth investigating the polycentricity-performance association in this hierarchical urban system. Conclusively, this study presents that morphological polycentricity positively affects labor productivity per capita, while functional polycentricity is negatively associated with the same. The contribution of this study is twofold. First, while there have been several empirical studies on the association between urban spatial structure and economic performance in North American and European urban contexts, only a few [5] have been conducted based on the Asian context, and most of them have been in China. Second, this study considers the differentiation of types of polycentricity. Studies on the linkages between urban form and economic performance have focused mostly on morphological polycentricity. It is an important for policy makers to decide on which type of polycentricity the policy interventions should be concentrated.
The remainder of this study is organized as follows. The next section reviews the empirical literature on whether and to what degree morphological and functional polycentricity affect economic performance in different contexts. The third section describes the data and methodology used in this study. Empirical results are presented and discussed in the fourth section. The contribution and limitations of this study are stated in the final section.
Literature Review
As scholars focusing on the conceptual sophistication of polycentricity have argued, this concept is essentially multi-scalar, operating on intra-urban, inter-urban, and regional scales [11, 12] . The geographical scale at which the analyses are conducted for polycentric urban development obviously matters because the channels of polycentricity can improve economic performance and thus, the direction of policy implementation can be different [7, 13] . At the regional scale, polycentricity can positively affect the level of regional economic performance through a "borrowed size" process. This explains how small and medium-sized cities can borrow urban functions or agglomeration economies from each other, while they do not cost agglomeration diseconomies, such as traffic congestion, noises, and environmental pollution. Thus, the New Economic Geographers have suggested that theoretically, the polycentric urban structure is an effective approach in terms of agglomeration economies.
In addition to the issue of the geographical scale of analyses, the measurements of polycentricity have also been an important issue. Generally, polycentricity has at least two dimensions, morphological polycentricity and functional polycentricity [14, 15] . Conceptually, regardless of its dimensions, polycentricity commonly aims at the balanced and even distribution of population or employment and on external flows of people or goods, as shown in Figure 1 .
Morphological polycentricity focuses on a more equally size-distributed urban system, such as similarly populated or employed centers. Polycentric urban regions have been created by the integration of historically separated centers with the development of transportation and communication technology [16] or by the expansion of highly populated areas into spatially separated suburban areas which have been mostly newly constructed to mitigate the agglomeration diseconomies [5] . Therefore, as mentioned before, a region with morphologically polycentric regional structure is likely to have a higher level of economic performance as this can reduce the cost of agglomeration economies.
Meanwhile, functional polycentricity emphasizes the actual flows and interactions among cities. It focuses not on the cities' internal attributes, but on the external relations between cities. As De Goei et al. (2010) [17] have argued based on this, traditional central place theories based on size-distribution should be replaced by a network view that focuses on the actual interdependence among the spatial units, though these are very related to one another [2] . However, a functionally polycentric regional structure featuring the relatively equal distribution of interactions is not necessarily efficient. The process of a functionally monocentric structure is the process of "agglomeration shadows" [18] , which is a counterpart phenomenon of borrowed size wherein a larger city absorbs the functions and economies from a nearby smaller one [19] , leading to a concentration of interaction flows towards the larger city. This process can generate an agglomeration effect. Thus, the agglomeration economies may not generate enough to share the entire region if flows of people or capital are not gathered enough to reach a certain threshold for hosting a higher level of services or functions. As such, it is needed to empirically examine how these types of polycentricity affect the economic performance of cities and regions.
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Data and Methods

Defining the Functional Urban Regions
Before the analysis, it is important to define the regions. Most studies focusing on the European context have used the classification of functional urban regions (FURs) defined by an ESPON report [20] , which categorized European countries into several FURs based on population size and commuting flows. Unfortunately, this kind of definition does not exist in the Korean context. Thus, it is necessary to delineate the urban regions from functional interdependence among cities.
A network community detection method is employed to delineate the FURs in Korea. Recently, some research employed the community detection method to find latent regional structures [21, 22] . The reason why the network community detection approach is used to identify FURs is that there is no assumption of an arbitrarily cut-off threshold to determine which region a city belongs to. For example, a travel-to-work area approach generally utilizes 15% of commuting flows to the center as a threshold. Rather, in the community detection method, groups of cities can be automatically classified based on network structures. [7] explored the relationship between spatial structure and economic performance at the prefecture scale and, focusing on morphological dimension, argued that polycentricity positively affected the level of labor productivity. However, Li and Liu (2018) [5] , who assessed the impact of urban form on productivity in the case of 306 Chinese cities, concluded that morphological polycentricity (measured by the consideration of population size and distance from the main center) is positively associated with economic performance only when the cities are highly dense. In addition, morphological and functional polycentricity are not necessarily changing in the same direction [9] . Therefore, further research is required in different contexts to form a consensus on the impact of polycentricity on economic performance.
Data and Methods
Defining the Functional Urban Regions
A network community detection method is employed to delineate the FURs in Korea. Recently, some research employed the community detection method to find latent regional structures [21, 22] . The reason why the network community detection approach is used to identify FURs is that there is no assumption of an arbitrarily cut-off threshold to determine which region a city belongs to. For example, a travel-to-work area approach generally utilizes 15% of commuting flows to the center as a threshold. Rather, in the community detection method, groups of cities can be automatically classified based on network structures.
Among several detection algorithms, this study utilizes the network partitioning method Infomap to find the best partitioning of the network consisting of N nodes and M modules towards minimizing the description length of a random walker in the network [23] . Compared to the modularity method initially suggested by Newman, this has higher accuracy and efficiency when the network has below 1000 nodes [24] . To find the partitions that minimize the quantity of information required to describe a random walk, the map equation (Equation (1)) is used as follows:
where M is the best partition, q is the switch probability of modules for a random walker, H(Q) is the entropy of between-modules, H P i is the entropy of movement within module i, and p i is the probability of within-module movement. The best M partitions can be found by minimizing the map equation above [23] . To detect FURs in Korea, travel flow data-including commuting, shopping, leisure, etc.-among cities (including districts in the metropolitan cities) and counties is used from the Korea Travel Database (KTDB). This procedure is conducted on the website MapEquation (mapequation.org).
Based on the network partitioning method, the classification of FURs in Korea is represented in Figure 2 . As a result, 17 regions are identified. Regions 1-5 have metropolitan cities within them, and thus are metropolitan areas. In particular, Region 1 includes two metropolitan cities, Seoul and Incheon, as well as most cities in Seoul metropolitan area (SMA) including Seoul, Incheon, and all of the cities and counties in Gyeonggi province. The rest of cities in SMA are included in Region 13, which is made up with some cities in Gangwon province. Region 8 includes only the Ulsan metropolitan city. This might be because of its proximity to Busan, the second largest city in Korea. Among several detection algorithms, this study utilizes the network partitioning method Infomap to find the best partitioning of the network consisting of N nodes and M modules towards minimizing the description length of a random walker in the network [23] . Compared to the modularity method initially suggested by Newman, this has higher accuracy and efficiency when the network has below 1000 nodes [24] . To find the partitions that minimize the quantity of information required to describe a random walk, the map equation (Equation (1)) is used as follows:
where M is the best partition, ↷ is the switch probability of modules for a random walker, ( ) is the entropy of between-modules, ( ) is the entropy of movement within module i, and ↺ is the probability of within-module movement. The best M partitions can be found by minimizing the map equation above [23] . To detect FURs in Korea, travel flow data-including commuting, shopping, leisure, etc.-among cities (including districts in the metropolitan cities) and counties is used from the Korea Travel Database (KTDB). This procedure is conducted on the website MapEquation (mapequation.org).
Based on the network partitioning method, the classification of FURs in Korea is represented in Figure 2 . As a result, 17 regions are identified. Regions 1-5 have metropolitan cities within them, and thus are metropolitan areas. In particular, Region 1 includes two metropolitan cities, Seoul and Incheon, as well as most cities in Seoul metropolitan area (SMA) including Seoul, Incheon, and all of the cities and counties in Gyeonggi province. The rest of cities in SMA are included in Region 13, which is made up with some cities in Gangwon province. Region 8 includes only the Ulsan metropolitan city. This might be because of its proximity to Busan, the second largest city in Korea. 
Measuring Polycentricity and Other Variables
Following Meijers and Burger (2010) [8] , morphological polycentricity is obtained as the reverse of the absolute value of the slope in the rank-size distribution of cities in the region. This transformation is because the slope always has as negative value and, thus is unable to be log-transformed. All cities and counties in each region are used to calculate the value of the slope. The larger the value is, the more polycentric the regional spatial structure is.
The functional polycentricity is measured using a method proposed by Green (2007) [15] , indicating how equally distributed the flows among cities are in the region. The equation of generalized functional polycentricity (Equation (2)) is as follows:
where F GF is the generalized functional polycentricity that is the mean of functional polycentricity in special network distributions, N in is the in-degree centrality distribution, and N out is the out-degree centrality distribution. In Equation (3), σ i is the standard deviation of in-or out-degree centrality among cities in the same region, and σ max is the theoretically highest standard deviation of in-or out-degree centrality among cities. In Equation (4), L i is the number of links among cities in the same region and L max is the theoretically maximum number of links in the network. If the functional polycentricity is close to 1, the distribution of the functional interactions is more balanced, thus more polycentric. To calculate functional polycentricity, the data used to define the regions is also employed. The two types of polycentricity variables are calculated at the regional scale.
Regression Model and Control Varibles
Following previous literature [5, 7, 8] , the Cobb-Douglas production function is used to derive the specification of labor productivity. The aggregate production function with labor (L), capital (K), and total factor productivity (A) is shown in Equation (6) and is divided by the labor and log-transformed in Equation (7):
where total factor productivity (A) consists of human capital (H), population size (P), morphological polycentricity (MPOLY), and functional polycentricity (FPOLY). The dependent variable, labor productivity, is measured as the gross regional domestic product divided by the number of jobs in 2015. These data are obtained from the Korea Statistical Information Service (KOSIS). The capital-labor ratio is calculated by the amount of fixed capital per labor unit. The amount of mining and manufacturing fixed capital stocks at the end of the year from the Mining and Manufacturing Survey is used as a proxy of total fixed capital in the region. The percentage of educated people with a bachelor's degree or above, obtained from KOSIS, represents the level of human capital. Additionally, the population size gathered from KOSIS is used to indicate agglomeration economies, especially urbanization economies. Among administrative units, Sejong and Ongjin are not included due to a lack of confidential information on our variables. All data are gathered at the city level-including districts in metropolitan cities-and the regional scale, as of 2015, and log-transformed. descriptive statistics of variables are presented in Table 1 . For continuous variables, the ordinary least square (OLS) regression is commonly used. However, these kinds of spatial variables may have the possibility of spatial autocorrelation, which makes OLS estimates inefficient and biased. A spatial autoregressive model, in particular a spatial lag model and spatial error model, can be used to address this problem. Following Moran's I test, a spatial autoregressive model is used if a spatial autocorrelation issue is identified. In addition, given the spatial autocorrelation problems found, robust Lagrange Multiplier (LM) tests are conducted to choose which model, spatial lag or error model, is appropriate [25] . The spatial weights matrix is calculated based on a queen-type contiguity matrix and is row-standardized.
In addition, the estimation models are conducted at both the city and regional level. The reason why the city level is considered in our analyses is because the model at the regional level itself cannot take into account the effect of two types of polycentricity on the individual cities that make up each region. Thus, the influences of morphological and functional polycentricity on the individual cities as well as on the whole region should be accounted for by considering the different geographical scales of the models. Table 2 presents the regression results for the level of labor productivity. Model 1 to 4 is conducted at the city level and Model 5 is at the regional level. As a base model, Model 1 has all control variables that are statistically significant. Model 2 has our interest variables, morphological and functional polycentricity. Model 3 has all control and polycentricity variables. Moran's I tests indicate that all models estimated by OLS at the city level have spatial autocorrelation problems, so they should be addressed by a spatial autocorrelation model. Results of robust LM lag and error tests on Model 3 show that the spatial error model is more appropriate than the spatial lag model as the value of the LM error test is larger than that of the LM lag test. In addition, the Vector Inflation Factor tests for all variables are lower than 3, confirming that there are no multicollinearity issues in models.
Results
In Models 4 and 5, all variables are statistically significant, except for the level of education in Model 5. The capital-labor ratio is positively associated with the level of labor productivity. This is consistent with other research [5, 7, 8] . The percentage of people with a bachelor's degree or above also has a positive impact on productivity at least at the individual city level. Although it was not significant in the work of Meijers and Burger (2010) [8] , it is statistically significant at the 0.01 level. Population size in each city negatively affects the level of labor productivity. This is inconsistent with most studies reporting that population size as an explanatory variable for economic performance is positively influencing labor productivity. These results suggest that there exist agglomeration diseconomies over urbanization economies. Turning to our variables of interest, both morphological polycentricity and functional polycentricity are statistically significant, but the directions of their effects are opposite. Results are the same in Model 4 at the city level and Model 5 at the regional level. Morphological polycentricity positively contributes to the level of labor productivity. As it is log-transformed, it should be interpreted as the elasticity. According to Model 5, this implies that a 1 % increase in morphological polycentricity would lead to a 0.3% increase in labor productivity, all other things be equal. However, functional polycentricity negatively affects the economic performance, showing that a 1% increase in functional polycentricity can result in a 0.6% decrease in labor productivity. The fact that the two types of polycentricity variables have similar effects on the city scale as well as on the regional scale indicates that the morphologically and functionally monocentric spatial structures not only enhance the labor productivity of the whole region, but also create positive effects on the individual cities making up the regions.
For results regarding morphological polycentricity, our research is consistent with previous studies [7, 8] . However, it is quite different from Veneri and Burgalassi (2012) [9] , who reported that morphological polycentricity is highly negatively related to labor productivity level, whereas functional polycentricity is positively associated with the same. Li and Liu (2018) also [5] found that the Chinese cities with morphologically monocentric urban structures have higher labor productivity when their size is not large. Unlike other countries' population densities, Korea has 501 inhabitants/km 2 and was the highest among OECD countries in 2013 [26] . This means that the city size and density in Korea is large enough to pursue a polycentric urban structure. Also, the policy interventions through which the Korean central government tried to build new sub-centers to mitigate the pressure on metropolitan cities can contribute to polycentric urban structures [27] . The effects of a morphologically polycentric urban structure can be seen in the real world, especially in terms of the travel-to-work time. For example, Ulsan, Region 8 in this study, is the most morphologically polycentric region, and its average commuting time in 2015 of 25.4 min was shorter than Seoul's of 39.3 min [28] . This shorter travel-to-work time is caused by the morphologically polycentric urban structure of the city. This can be a part of the explanation of the position of the city, as it also has the largest labor productivity.
For functional polycentricity, our results imply that the balanced distribution of flows and degrees is inefficient as a more equal distribution of interaction can somehow lead to an inefficient asset usage. Firms in a smaller city can benefit from a nearby larger city but not from other small cities because of the spillover effects from agglomeration economies in larger cities [29, 30] . This can be applied to urban functions. Larger cities have higher or more urban functions than other small cities in a region [18, 31] . In this case, it is more advantageous that small cities try to make connections with nearby larger cities than with similar or small cities. This "borrowed size" process can positively contribute to the level of labor productivity, enhancing the functionally imbalanced distribution of connections in the region [32] .
Conclusions
This study aims to explore whether and to what extent two types of polycentricity, morphological and functional, affect the level of urban economic performance. This study contributes to the debates on the impacts of polycentricity on economic performance by (1) examining the relationship in the East Asian context, not in Europe or America, and (2) distinguishing between the effects of two types of polycentricity. In the analysis, it is found that morphological polycentricity is positively associated with the level of labor productivity, whereas functional polycentricity is negatively related to it. These results reflect the processes of agglomeration economies and their impact on urban dynamics. In the context of the Korean urban system, characterized by the domination of a few cities and high levels of population density, regions which are more morphologically polycentric and functionally monocentric are likely to have higher labor productivity. We find the same results for the city level and the regional level models. These findings about two dimensions of polycentricity imply that policy makers should concentrate their investments and funding on mitigating the cost of agglomeration diseconomies to promote morphologically polycentric urban regions, while enhancing the connectivity between the regional center and other cities.
These results are mainly related to economic sustainability, because improving labor productivity can contribute to the long-term economic growth of a region. In particular, the fact that urban spatial structure affects productivity suggests that designing an efficient urban spatial structure is a very important factor in regional economic sustainability. Based on the results of this study, it can be argued that maximizing the agglomeration economy through morphologically polycentric and functionally monocentric urban design is the most efficient way to improve regional economic sustainability in Korea.
This study has the following limitations, which should be further investigated. First, although this study concentrates on regional levels of polycentricity, polycentricity depends on the geographical scales of analyses, as mentioned above. Therefore, this study needs to be extended to deal with other geographical scales, especially intra-urban scales. Second, this study only conducts cross-sectional analysis, but the effects of polycentricity may change when cities grow and decline. As such, the changing effects of polycentricity should be explored to contribute to the debate on the relationship between urban spatial structure and economic performance. Third, as this study mainly considers economic sustainability, future research is required to include the effect of polycentricity on social or environment sustainability in the context of Korea.
